Abstract Atrial fibrillation is a common arrhythmia in clinical practice. It is associated with high morbidity and mortality due to its thromboembolic potential, which makes thromboembolic prevention particularly important. Warfarin has been the first-line therapy for this purpose, but it has various limitations and is often contraindicated or underutilized. The fact that thrombi are frequently located in the left atrial appendage in atrial fibrillation led to the development of percutaneous closure for thromboembolic prevention. This article examines the current evidence on percutaneous closure of the left atrial appendage by reviewing the results of the numerous clinical trials on the technique. © 2012 Sociedade Portuguesa de Cardiologia. Published by Elsevier España, S.L. All rights reserved.
Introduction
Atrial fibrillation (AF) is a common arrhythmia with high morbidity and mortality due to its thromboembolic potential. Warfarin has been the first-line therapy for thromboembolic prevention, but it has various contraindications and limitations. Thrombi in AF form mainly in the left atrial appendage (LAA), and so closure of the LAA is considered an alternative to warfarin therapy.
Prevalence of atrial fibrillation
AF is the most common cardiac arrhythmia in clinical practice. Its prevalence in Portugal is 2.5% in those aged 40 or over according to the FAMA study. 1 The figure in the general population is 1---2%, rising with age; prevalence has increased significantly over time and is predicted to double in the next 50 years. 2 
The importance of thromboembolism in atrial fibrillation
The risk of stroke is five times higher in those with AF than in those in sinus rhythm. 2, 3 The large size of the thrombi that cause these strokes means that their consequences tend to be more severe than from other sources of cerebral thrombi.
2,4---6

Chronic anticoagulation with warfarin
Oral anticoagulation with warfarin remains the first-line therapy to prevent thromboembolic events in AF. It is indicated in all patients with CHADS 2 or CHA 2 DS 2 -VASC score ≥2, and should also be considered with a score of 1. 2 Its efficacy has been demonstrated in numerous randomized clinical trials, which have shown that with a target international normalized ratio (INR) of 2---3, relative risk for stroke is reduced by 60---73%. 2,4---9 Its superiority over aspirin (reduction of 20% 2,7 ), combined aspirin and clopidogrel, and a single antiplatelet drug plus low-dose warfarin, 2,10,11 is well established.
However, warfarin is contraindicated in 14---44% of patients at risk of stroke. 12 Even among eligible patients, only 54% are anticoagulated, for a variety of reasons, the most important being bleeding risk; others include a narrow therapeutic window and the sensitivity of its pharmacokinetics to a range of foods and other drugs, which necessitate frequent laboratory testing and the patient's cooperation. The risk of trauma, access to INR monitoring, clinicians' wariness, and patient preferences can also make warfarin therapy impractical. 4 Anticoagulation is thus often inadequate, and INR values are within the therapeutic window in only 50---68% of tests. 
New oral anticoagulants
New anticoagulants have been developed as alternatives to warfarin for thromboembolic prevention in AF. There are two main classes: direct thrombin inhibitors such as dabigatran, and factor Xa inhibitors such as rivaroxaban, apixaban, edoxaban and betrixaban. They all have advantages over warfarin including a wider therapeutic window, fewer interactions with foods, and no need for laboratory monitoring. 2 Only dabigatran (the RE-LY study 13 ), rivaroxaban (ROCKET-AF 14 ) and apixaban (ARISTOTLE 15 ) have demonstrated non-inferiority to warfarin in thromboembolic prevention in AF, and only the first two have been approved by the US Food and Drug Administration (FDA) for this purpose. 16 The latest guidelines for the management of atrial fibrillation of the European Society of Cardiology consider dabigatran an alternative in patients at high embolic risk if warfarin is contraindicated or impractical. 2 The latest Canadian Cardiovascular Society guidelines also recommend the use of dabigatran rather than warfarin in AF patients with indication for oral anticoagulation. 17 However, these drugs are expensive for chronic therapy, carry a significant risk of bleeding, and do not have an established antidote, all which are obstacles to their use in many patients. Studies on these new anticoagulants have also shown significant rates of discontinuation of therapy, mainly due to intolerance or adverse effects, reaching 25 .3% in patients taking apixaban (vs. 27.5% for those taking warfarin) in the ARISTOTLE trial, 15 but higher than seen for warfarin in the RE-LY 13 (21% for dabigatran vs. 17%) and ROCKET-AF 14 ( 23.7% for rivaroxaban vs. 22.2%) trials.
The importance of the left atrial appendage in thromboembolism
The LAA is an embryonic remnant of the left atrium (LA) consisting of a long tubular body with walls as little as 1 mm thick, usually multilobulated and trabeculated, that communicates with the LA through an oval orifice. 18, 19 It is generally thought to have a role in regulating body volume via physiological mechanisms that include the production of 30% of atrial natriuretic peptide, regulation of thirst, and modulation of the volume/pressure ratio and LA compliance, and hence cardiac output. 20---22 The LAA is also the most common site of intracardiac thrombi in AF (98%), as demonstrated in autopsy studies, by transesophageal echocardiography (TEE) and by direct intraoperative inspection. 11, 12, 18, 19 It is more frequently the site of thrombi in non-valvular (90%) than valvular AF (57%), 12, 18, 19 and in patients with previous ischemic stroke. 20 In the light of these facts, exclusion of the LAA from the circulation was seen as an alternative to pharmacological anticoagulation to prevent thromboembolism in AF. Different methods have been developed, some more invasive than others.
12,13
Surgical exclusion of the LAA
The first attempt to surgically exclude the LAA, during mitral valve surgery, was described in the 1930s. 5 The LAAOS study, the first randomized trial of surgical LAA occlusion, in patients referred for coronary bypass surgery at risk for AF or ischemic stroke, concluded that surgical exclusion of the LAA was safe and did not increase operative time or perioperative bleeding. 23 Surgical exclusion began to be performed in various centers, but it was then discovered that exclusion was often incomplete, and success rates varied widely (10.3---60% 22 ) due to differences in surgical techniques, surgical expertise, and criteria for success.
Kanderian et al. 22 retrospectively analyzed TEEs performed after surgical LAA closure, which was not at that time a routine procedure, and found a higher failure rate than those seen in small series, in which the criteria for occlusion were less rigorous. The authors concluded that excision was the most effective technique and that incomplete closure increased the likelihood of blood pooling and thrombus formation; they recommended that anticoagulation should be continued until confirmation of complete occlusion by TEE.
Open surgery for LAA closure via an epicardial approach has also been performed using the AtriCure system (AtriClip, Cincinnati, OH) in AF patients undergoing coronary bypass surgery or valve replacement; the three-month success rate was 100%. 13 A thoracoscopic epicardial approach was used for LAA occlusion in 15 patients for thromboembolic prevention, and in many other small series during AF ablation. 24 However, this approach was associated with additional complications including pneumothorax and need for conversion to open surgery due to bleeding, adherences, or other problems. 24 The invasive nature of surgical LAA occlusion means that it has only been performed during cardiac surgery for another reason. It is used as part of the MAZE procedure 5, 22 and is recommended in the ACC/AHA guidelines on valvular heart disease during mitral valve surgery.
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Minimally invasive LAA exclusion
The invasive nature of surgical LAA exclusion has prompted the development of closure devices using minimally invasive methods, including techniques combining epicardial and endocardial approaches. One example is the LARIAT ® system (SentreHEART, Palo Alto, CA), approved by the FDA, which combines epicardial delivery of a snare with a pre-tied suture via a small-caliber catheter and a balloon catheter introduced endocardially using a magnet-tipped guidewire to position the suture around the base of the LAA. The system was assessed in AF patients undergoing mitral valve surgery (n = 2) or AF ablation (n = 11), and its feasibility was demonstrated. 26 Percutaneous LAA closure techniques have also been developed that use an exclusively endocardial approach.
Endocardial percutaneous LAA closure
Percutaneous LAA closure using an endocardial approach is based on delivery of the device via a percutaneous catheter introduced through a femoral vein that reaches the LAA via septal puncture. Implantation is guided by fluoroscopy and/or TEE. An intravenous heparin bolus is administered to achieve partial activated thromboplastin time of ≥250 s. 20, 27, 28 
Figure 1
The PLAATO device (ev3 Inc., Plymouth, MN). LA: left atrium; LAA: left atrial appendage. Adapted from 27 .
The PLAATO device
The first percutaneous LAA closure device was the PLAATO (Percutaneous Left Atrial Appendage Transcatheter Occlusion) system (ev3 Inc., Plymouth, MN). 27 It consisted of a self-expanding nitinol cage coated with a polytetrafluoroethylene membrane designed both to occlude LAA flow and to allow tissue incorporation into the device. There were also three rows of anchors to attach the device to the LAA orifice ( Figure 1 ). 27 included 15 patients with chronic non-rheumatic AF, high risk for thromboembolism on CHADS 2 criteria or with spontaneous echo contrast in the LAA and contraindications to warfarin. Device implantation was successful in all patients, with no residual shunt, new thrombus formation on the device, device migration or thromboembolic phenomena at one-month follow-up. The only complication was one case of pericardial effusion resolved by pericardiocentesis. 27 This was followed by an international multicenter prospective trial by Ostermayer et al., 28 which included results from five centers in Europe and North America and was the largest study on the PLAATO device. The study population consisted of patients with non-rheumatic AF of at least three months' duration, contraindication to warfarin and high risk for thromboembolic events (history of myocardial infarction or significant coronary stenosis, CHADS 2 criteria or moderate or dense spontaneous contrast or blood flow velocity ≤20 cm/s within the LAA on echocardiography). It was the first study to use angiographic grading to evaluate LAA occlusion (Table 1) , which was also assessed by transesophageal color Doppler echocardiography and graded on a five-point scale ( Table 2) .
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Occlusion was successful in 97.3% of cases (108/111). During a mean follow-up of 10 months, the stroke rate was 2.2%; these two events occurred 6---7 months after the implant procedure, and in both cases the device was in stable position with no significant leak or adhering thrombi. The authors calculate that this rate was one-third of that predicted on the basis of the patients' mean CHADS 2 score of 2.5 points (estimated annual stroke rate of 6.3%).
Five patients among the first to undergo the technique experienced pericardial effusion, which was attributed to lack of experience with the technique. One required surgery and died from postoperative complications. There were no other significant complications and no instances of device dislocation or migration (Table 3) . 28 The largest series of patients treated with the PLAATO device, reported by Park et al., 29 was in a single German center. Percutaneous LAA closure was performed in 71 patients with rheumatic and non-rheumatic AF, most chronic but paroxysmal in eight cases, with contraindication to oral anticoagulation or history of stroke under anticoagulant therapy.
Occlusion was successful in 97.3% of patients. In a mean follow-up of 24 months, one minor stroke was reported (1.4%), a lower rate than the 5% predicted on the basis of a mean CHADS 2 score of 2.5. One device embolization occurred, occluding the left ventricular outflow tract, resulting in the patient's death, and there was one case of device instability requiring removal by open surgery.
Ten deaths (7%) occurred during follow-up, but only one (described above) was procedure-related. There was one case of pericardial effusion, which resolved without pericardiocentesis (Table 3) . 29 A prospective non-randomized multicenter clinical trial in North America, that of Block et al., 30 analyzed 64 patients with non-valvular FA (chronic or paroxysmal) not eligible for chronic warfarin therapy and with CHADS 2 score of ≥2. The procedure was successful in 93.8% of patients; mean follow-up was 3.75 years, and up to five years in some cases. The stroke rate was 3.8%: five major (between 7 and 53 months after the procedure) and three minor (8---23 months). There was one transient ischemic attack (TIA). The total stroke/TIA rate of 3.8% was little more than half that predicted by the mean CHADS 2 score of 2.6 (6.6%). There were two deaths, one from cerebral hemorrhage and the other from surgical complications unrelated to the device or the closure technique. The only procedure-related complication was a pericardial effusion requiring surgery (Table 3) . 30 Other smaller series have been published from different centers, all of them confirming the efficacy of the PLAATO device for preventing stroke in AF. However, the device was eventually withdrawn from the market by the manufacturer.
Amplatzer devices
The second device to be used for percutaneous LAA closure was the Amplatzer septal occluder (St. Jude Medical, Plymouth, MN), which was originally used to close atrial septal defects (ASD). It was tested in 16 patients in four centers in 2002 by Meier et al., 31 who reported a single complication, embolization of an inappropriately sized device. The septal occluder was not used again for this purpose; instead, a device was developed specifically for LAA closure, the Amplatzer Cardiac Plug (ACP) (St. Jude Medical, Plymouth, MN), 32 with a self-expanding nitilol frame covered in a polyester patch, consisting of a lobe and a disc connected by a central waist. Hooks on the lobe fix the device, while the disc seals the LAA orifice ( Figure 2 ). It is available in eight lobe sizes from 16 to 30 mm at 2-mm intervals. 32 As the ACP began to be widely used, and in the light of safety concerns, Park et al. 32 reviewed the experience of various centers to assess its safety profile, retrospectively analyzing implantations from its first use in December 2008 to November 2009, in a total of 143 AF patients in 10 European centers. Warfarin was suspended in all cases before ACP implantation, while dual antiplatelet therapy was maintained for 1---3 months, followed by single antiplatelet therapy indefinitely (Table 4) .
The registry did not aim to assess indications for LAA closure or the effectiveness of the procedure, but to analyze the feasibility and safety of the ACP 24 hours after implantation. This was successful in 96% of patients; in the remainder implantation was unsuccessful due to device embolization (n = 2) or unfavorable anatomy (n = 3). The device needed replacing in 17% of cases. Table 3 Characteristics and results of the main clinical trials on the PLAATO device (ev3, Inc., Plymouth, MN).
Trial
Sievert et al. 27 Ostermayer et al. 28 Park et al. 29 Block et al. 31 Park et al. 32 Sick et al. 20 Holmes Serious complications were seen in 10 patients (7%): three with stroke due to air embolism or intracardiac thrombus; device embolization in two cases, both percutaneously recaptured, with no sequelae; and five with pericardial effusion requiring pericardiocentesis. Minor complications were insignificant pericardial effusions in four, transient myocardial ischemia due to air embolism in two, and loss of the implant in the venous system in one patient, recovered percutaneously ( Table 4) .
The authors concluded that the ACP could be successfully implanted in a slightly higher proportion of patients than in the PROTECT AF trial, 8 with a similar adverse event rate. They also stressed the importance of the learning curve in reducing procedure-related complications. The ability of the LAA to adapt to pressure was given as the main reason for incorrect device sizing, but the authors also pointed out that the ACP is a more flexible device and thus better able to adapt to the oval shape of the LAA orifice. One cause they identified for pericardial effusion was perforation of the LAA, due to its thin walls; as causes of periprocedural stroke, they reported air embolism and small LAA thrombi located in fully contracted lobes that were not visualized on TEE, and suggest these could be detected by multiple contrast injections. The periprocedural stroke rate was 2%. 32 This registry made no mention of formation of thrombi on the ACP, but reports subsequently appeared of thrombi adhering to the device. In one case, a patient with chronic AF, CHADS 2 score of 2 and contraindication to oral anticoagulation, underwent successful percutaneous LAA exclusion and was prescribed clopidogrel for one month and aspirin indefinitely, but TEE at three-month follow-up revealed a thrombus adhering to the device, which was resolved by enoxaparin 60 mg twice daily and aspirin, continued thereafter. 33 In another case, percutaneous LAA closure with the ACP was successfully performed in a patient with chronic AF, CHADS 2 score of 6 and contraindication to oral anticoagulation due to chronic hematuria, who was prescribed clopidogrel and aspirin. Six-month follow-up TEE detected a thrombus on the device, treated by intravenous heparin, which took three weeks to have any effect in reducing the thrombus. Oral anticoagulation was accordingly started but had to be discontinued due to hematuria; no thromboembolic events were recorded. 34 In view of increasing concerns over this complication, in January 2011 the manufacturer (at that time AGA Medical), after investigating these cases, published a Field Safety Notice for all centers implanting the ACP, updating the instructions for use, stating that the most likely cause for thrombus formation on the device was excessively deep implantation, and emphasizing the importance of measuring the depth of the LAA and width of the orifice at the implantation site. It also claims that adequacy of the anticoagulation and/or antiplatelet regimen can also be considered a potential contributor in thrombus formation, recommending aspirin for six months post-implant, leaving the decision to continue this regimen after six months at the discretion of the physician, and recommending clopidogrel or an alternate antiplatelet, with prescription following routine standard of care. 35 In April 2011 Plicht et al. published a series assessing thrombus formation on the ACP in 31 patients, all of whom were medicated after implantation in accordance with the manufacturer's instructions. They underwent TEE before discharge and at three and six months; device thrombus was detected in three patients on the pre-discharge TEE and in three more at three months. In three of these patients the thrombi resolved after intravenous heparin administration for one week and oral anticoagulation was reinitiated for another three months in the other three, and one patient still had thrombus at the time of publication. The authors found no significant difference in the implantation site between those with and those without thrombi, and considered that thrombus formation in their series did not appear to be related to deep device implantation. 36 The experience of a single Swiss center was published in May 2012 by Guérios et al., 37 assessing the safety and efficacy of the ACP in patients with non-valvular AF (chronic or paroxysmal) with at least one additional risk factor for thromboembolism and contradiction or intolerance to chronic oral anticoagulation. The procedure was guided by angiography alone. Patients were prescribed clopidogrel for one month and aspirin for 3---4 months, or lifelong if there was significant coronary artery disease. TEE was performed before discharge and 3---6 months after implantation. Procedural success was obtained in 85 of the 86 treated patients (99%). The unsuccessful case was attributed to a patent foramen ovale (PFO) previously closed with an Amplatzer septal occluder; repeated attempts at implantation resulted in pericardial tamponade, resolved by pericardial drainage. Eighty-seven devices were implanted in the other 85 patients; in 81 of them success was achieved with the first device chosen, while in four the device had to be changed. In two patients LAA closure was incomplete; in one of them, an additional ACP was used, and an Amplatzer vascular plug in the other, with good final results.
In 48 patients (55.8%) LAA closure was combined with another intervention, such as ASD closure, percutaneous coronary intervention, or transcatheter aortic valve implantation.
One ACP embolization occurred about 15 minutes after being released during percutaneous coronary angioplasty; the device was retrieved and replaced by a smaller ACP. During the procedure, there was a pericardial effusion in one patient with no hemodynamic compromise, two ischemic cerebral events, one due to air embolism and the other probably thromboembolic, and one death six days after implantation due to bleeding from a gastrointestinal tumor. Follow-up was obtained in 69 of the remaining patients (a total of 25.9 patient-years), during which there were two deaths, one non-cardiovascular (bronchopneumonia) and the other cardiovascular, in a patient with three-vessel coronary disease. No other embolic events or peri-device leaks were observed, but a non-mobile thrombus was detected in six patients, which disappeared after oral anticoagulation for three months. In four patients, the presence of a fixed thrombus could not be ruled out; in one warfarin was prescribed for four months, no change being observed in the control TEE, and the other three remained on aspirin. After reviewing the results, the authors concluded that in Figure 3 The Watchman device (Boston Scientific, Plymouth, MN). Adapted from 9 .
70% of cases with thrombi the device had been implanted more deeply than was desirable. The prospective randomized Amplatzer Cardiac Plug Clinical Trial is currently under way, comparing the efficacy of the ACP with warfarin in patients with AF and CHADS 2 score ≥2, and without contraindication for oral coagulation.
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The Watchman left atrial appendage system
The Watchman device (Boston Scientific, Plymouth, MN) was designed specifically for percutaneous LAA closure. It consists of a self-expanding nitinol frame with fixation barbs around its perimeter and a porous polyester membrane only on the LA-facing surface (Figure 3) . It is available in diameters of 21, 24, 27, 30 and 33 mm, which should be 10---20% greater than the LAA orifice. 20 The first clinical trial, by Sick et al., aimed to assess the feasibility of this device for LAA closure. 20 It prospectively included 75 patients from centers in Europe and the US with a history of chronic or paroxysmal AF and CHADS 2 score ≥1 without contradiction for oral anticoagulation.
Following the procedure patients were medicated with aspirin (81---100 mg daily), continued indefinitely, and warfarin for 45 days. Control TEE was performed at 45 days; if the LAA was successfully sealed according to the criteria of absence of flow or minimal flow around the device (jet of <3 mm), warfarin was discontinued. The therapeutic regimen was later modified to include concomitant therapy with aspirin and 75 mg clopidogrel between 45 days and the six-month follow-up.
Closure was successful in 93% of cases (54 of 58). The first 16 patients received a first-generation device, which was associated with a significant number of complications including two device embolizations, one air embolism leading to a malignant arrhythmia requiring cardiopulmonary resuscitation, and one fractured delivery wire. The delivery system was subsequently modified and the device was redesigned; the second-generation device was used in 53 patients and no further embolizations occurred. Pericardial effusions occurred in two of the 75 cases (2.6%) related to the transseptal puncture procedure, one to an overly vigorous ''tug test'' usually performed for proof of stability of the device. The technique was modified to observe the LAA during the tug, either by fluoroscopy or TEE, and no further tug-related effusions were observed.
No strokes occurred during the 24-month follow-up, compared with the expected rate of 1.9/year based on the CHADS 2 score in this study cohort. Two cases of TIA occurred, one at four months without visible device thrombus and the other at six months with a smooth layer of thrombus detected on the surface of the device. Three more patients showed thrombus formation on the device surface without neurological symptoms. The authors concluded that the endothelialization process may not be completed at 45 days after implantation when warfarin is discontinued, so they modified the therapeutic regimen to include concomitant therapy with aspirin and clopidogrel between 45 days and the six-month followup.
There were three major bleeding complications, two of which were pericardial effusions requiring pericardiocentesis, and one internal bleed due to retrieval after device embolization. There were minor bleeds in two patients.
Two patients died during follow-up: one from dissection of the ascending aorta and the other from multiple organ failure after bowel surgery.
The authors considered the results comparable to those reported for the PLAATO system, but with early results potentially biased by the use of a first-generation device and operator learning curves.
The PROTECT AF trial, 8, 9 the first randomized clinical trial to directly compare percutaneous LAA closure (with the Watchman device) and warfarin, ran from February 2007 to June 2008, aiming to assess the non-inferiority of LAA closure in terms of efficacy and safety. 8 The study population consisted of 707 patients in 59 centers in Europe and the US with non-valvular paroxysmal, persistent or chronic AF, CHADS 2 score of ≥1 and without contraindication to warfarin. They were randomly assigned in a 2:1 ratio to device implantation (463 patients; intervention group) or warfarin therapy (244; control group). Mean follow-up was 18 months.
In the control group, the target INR of 2.0---3.0 was assessed every two weeks in the first six months, followed by monthly assessment. INR remained within the therapeutic range in 66% of measurements. In the intervention group warfarin was continued for 45 days after implantation in order to promote endothelization of the device. TEE was repeated at 45 days to verify successful closure (defined as no peri-device flow or flow <5 mm wide (<3 ± 2 mm). If confirmed, warfarin was replaced by dual antiplatelet therapy with clopidogrel 75 mg and aspirin 81---325 mg for six months, followed by aspirin indefinitely. Follow-up consultations were scheduled for 45 days, six, nine and 12 months, and thenceforth twice a year. Neurological assessment was performed initially, at 12 and 24 months, and whenever a neurological event occurred.
Implantation of the Watchman device was successful in 88% of patients (408/463) and in 91% of those in whom it was attempted (408/449). Warfarin was discontinued at 45 days in 86% of patients and at six months in 92%.
Efficacy was assessed by a composite endpoint of ischemic stroke, hemorrhagic stroke, cardiovascular or unexplained death and systemic embolism. This occurred at a rate of 3%/year in the intervention group vs. 4.9%/year in the control group (rate ratio 0.62, 95% confidence interval 0.35---1.25), and the probability of non-inferiority of the intervention was more than 99.9%.
The total number of strokes was higher in the control group, but the rate of ischemic stroke was higher in the intervention group: one before implantation, five during (due to air embolism), and nine after. Six ischemic strokes were observed in the control group. INR assessed at the time of the stroke was subtherapeutic in both groups.
Hemorrhagic stroke was more common in the control group (6); five were fatal, all of which occurred with therapeutic warfarin levels. There was one hemorrhagic stroke under warfarin therapy in the intervention group.
There were 21 deaths in the intervention group (4.5%), due to stroke (2; 0.4%), cardiovascular or unexplained (4; 0.9%), and non-cardiovascular (15; 3.2%). In the control group there were 18 deaths (7.4%), due to stroke (6; 2.4%), cardiovascular or unexplained (6; 2.4%), and non-cardiovascular (6; 2.4%). Cumulative mortality in the intervention group and control group was 3% vs. 3.1% at one year and 5.9% vs. 9.1% at two years, respectively.
The safety composite endpoint was major bleeding (requiring transfusion of at least two units of packed red blood cells or surgical intervention) and procedurerelated complications including stroke, device embolization or severe pericardial effusion requiring percutaneous or surgical drainage. These events were more frequent in the intervention group (7.4%/year vs. 4.4%/year) and earlier (55% on the day of the procedure vs. 50% between 45 days and one year) than in the control group. The most frequent safety event in the intervention group was severe pericardial effusion, seen in 4.8% of patients (n = 22), requiring surgery in seven cases but resolved by pericardiocentesis in the others, with no associated mortality. The frequency of this complication, which was more common in the first three patients (7.1%) than in the others (4.4%) in all centers, declined as operator experience increased.
There was device embolization in three patients; one was identified during the procedure and the device was successfully removed percutaneously, and two others were asymptomatic, only being detected by TEE after 45 days and removed surgically.
The authors concluded that in terms of efficacy, percutaneous closure was not inferior to warfarin, even when patients at lower thromboembolic risk (CHADS 2 score 1) were excluded. With regard to safety, the most common complications became less frequent as operators gained experience with the procedure, and none led to permanent disability or death. They suggested that the initial risk associated with device implantation was less than the cumulative risk of chronic warfarin therapy.
The main limitation to applying these results to all AF patients was the inclusion of patients at low embolic risk (65% with CHADS 2 score 1 or 2). It is not known to what extent they would be reproducible in a higher-risk population, particularly with contraindication for warfarin.
In view of these findings, the FDA recommended a longer follow-up period and an ongoing registry was established to assess the safety of LAA closure with the Watchman device ---the Continued Access Protocol (CAP) Registry. 39 This registry, published in January 2011, included the 542 patients who underwent attempted LAA device closure in the intervention group of the PROTECT AF trial and a further 460 patients from 26 centers that participated in the trial with the same inclusion criteria, follow-up and medication. The authors emphasized the importance of flushing the sheath with saline to minimize the chance of air embolism.
Median follow-up was 2.5 years for PROTECT AF (0---4.7 years) and 0.4 years for CAP (0---1.6 years).
The efficacy composite endpoint was similar to that of PROTECT AF. Pericardial effusions were considered serious if they extended hospitalization.
The populations of the two studies differed mainly in age and CHADS 2 score, which were higher in CAP (mean age 74 ± 8 vs. 72 ± 9 and CHADS 2 score 2.4 ± 1.2 vs. 2.2 ± 1.2, p<0.001 for both).
To assess the effect of the learning curve and operator experience, the results of CAP and PROTECT AF were compared, and the first half of the PROTECT AF patient cohort was compared with the second half of the cohort, as well as the first three patients enrolled at each site in PROTECT AF with all subsequent patients enrolled at that site. There was a reduction in mean procedure time, an increase in implantation success, and a decline in the number of safety events, serious pericardial effusions and procedural stroke between the first and second halves of PROTECT AF and between the second half of PROTECT AF and CAP (Table 5) , the event rate in the second half of PROTECT AF (5.5%) being close to that seen in CAP (3.7%). Comparing the first three patients with all subsequent patients at each site, mean procedure time improved by 33% and the safety event rate improved by 52% (Table 5) .
The time dependence of safety events was assessed by separating those that occurred within seven days of the procedure from those in the remainder of follow-up; overall, 94% of these events occurred in the first seven days (91% in PROTECT AF and 100% in CAP). Serious pericardial effusion was observed in 3.8% of patients (5.2% in PROTECT AF and 2.2% in CAP). The procedure-related stroke rate was 0.9% in PROTECT AF and zero in CAP. In PROTECT AF, device embolization occurred in 0.6% of patients vs. 0% in CAP. Device-associated thrombus was observed in 4.2% (20) of patients in PROTECT AF and in none in CAP.
Another important analysis of the PROTECT AF results was to determine the functional impact of adverse events, identifying those that resulted in death or significant disability (defined as an increase in the modified Rankin score). This analysis revealed that regardless of how ''significant'' is defined (change in Rankin score of ≥1, ≥2o r≥3), the safety event rate with functional impact was lower in the intervention group than in the control group, with a relative risk of ≈0.40 (Table 6 ).
The authors concluded that safety events in the Watchman group were largely procedure-related, that these safety events decreased in frequency with greater operator experience, and that they led to less significant disability than those related to warfarin therapy, which accumulate linearly over time. The protocols of both PROTECT AF and the CAP registry included a 45-day period of warfarin medication after percutaneous LAA closure, which limits their application to patients with contraindication to oral anticoagulation, for whom this procedure could be an alternative. The ASA Plavix Feasibility Study With WATCHMAN Left Atrial Appendage Closure Technology (ASAP), 40 a prospective nonrandomized registry, was set up to assess the efficacy of percutaneous LAA closure in these patients. It has the same inclusion and exclusion criteria as PROTECT AF, except for contraindication to warfarin, and includes 150 patients with non-valvular AF in three centers in Germany and one in the Czech Republic who underwent percutaneous closure with the Watchman device. After the procedure patients took clopidogrel for six months and aspirin indefinitely, and underwent TEE at three and 12 months. Preliminary results were presented at the Heart Rhythm Society 2012 Scientific Sessions. 41 Implantation was successful in 94% of patients (141/150). In a follow-up of 14.2 ± 8.7 months there was one systemic embolization, six cases of device-related thrombus and four strokes, an ischemic stroke rate of 1.8%, which according to the authors corresponds to a 75% reduction in events compared to that expected on the basis of a mean CHADS 2 score of 2.8 ± 1.2 if they had been taking aspirin alone (7.1%) and a 64% reduction compared to that expected under treatment with aspirin and clopidogrel indefinitely (5%). The authors concluded that implantation of the Watchman device was safe and effective without temporary warfarin therapy in patients with contraindication to oral anticoagulation. 41 Incomplete closure of the LAA by surgical methods increases risk for embolic events, but it was not known whether this was also true of incomplete percutaneous closure. Viles-Gonzalez et al. accordingly performed a retrospective analysis of the intervention group of PROTECT AF, published in March 2012. 42 They assessed peri-device blood flow, classified as minor, moderate, or major (<1 mm, 1---3 mm, and >3 mm, respectively), by TEE at 45 days, six and 12 months. Of the 485 patients with a successfully implanted Watchman device, only 445 underwent TEE at 45 days, 414 at six months and 389 at 12 months. The prevalence of any flow around the device decreased with time from 40.9% at the 45-day TEE, to 33.8% at six months, and to 32.1% at 12 months (p=0.001). The severity of the flow at 45 days was minor in 7.7%, moderate in 59.9% and major in 32.4%; this distribution did not change significantly at six or 12 months (p = 0.731). The mean and maximum width of the leak were 2.8 and 6.2 mm, 2.9 and 6.8 mm, and 2.9 and 6.0 mm, at 45 days, six months, and 12 months, respectively.
There were no significant differences in the efficacy endpoint of PROTECT AF between patients with peri-device flow (2.8%) and those without (2%; p = 0.635), or between those with any flow and no flow (hazard ratio [HR] 0.85, 0.83 and 0.48 for minor, moderate and major flow, respectively, p = 0.798). The impact of 1-mm increases in flow size on this endpoint was also analyzed and there was no significant difference between the groups (HR 0.84, p = 0.256).
Analysis of a second endpoint of stroke and systemic embolization again showed no significant relationship with the presence or severity of peri-device flow. This analysis was also performed separately for patients who continued warfarin therapy after 45 days and those who discontinued it at that point, once again without showing any difference regarding the presence of peri-device flow (p = 0.857).
The authors concluded that in this sample there was no relationship between the presence of residual peri-device flow and embolic events, although with the caveat that these results may not be applicable to devices other than the Watchman, and suggest that different devices should be analyzed in the same way. 42 A second randomized clinical trial on the Watchman device is under way, the PREVAIL study. 43 This has a similar structure to PROTECT AF, except that patients with CHADS 2 score of 1 are only included if any of the following apply: female age 75 or older; left ventricular ejection fraction ≥30 and <35%, aged 65---74 and has diabetes or coronary artery disease, or aged ≥65 and has congestive heart failure.
Conclusions
The development of percutaneous LAA closure was an important step in the prevention of cardioembolic events in AF, particularly in non-valvular AF. The feasibility of the technique has been demonstrated in various studies, the most important of which, PROTECT AF, showed similar efficacy to warfarin in prevention of thromboembolic events, although with a higher rate of safety events, particularly procedure-related. Longer follow-up of these patients and the establishment of the CAP registry have produced encouraging results for continued use of the technique, since they show that procedure-related complications decline with greater operator experience and lead to lower mortality and disability than warfarin therapy, suggesting that LAA closure has a better long-term safety profile.
These findings demonstrate that percutaneous LAA closure is a valid alternative for thromboembolic prevention in high-risk patients with non-valvular AF without contraindication for oral anticoagulation, although it has mainly been used in patients in whom anticoagulation is contraindicated, for obvious reasons. However, reports of a particularly serious complication ---the formation of thrombi on the device ---have cooled the initial enthusiasm generated by the technique and raised the possibility that a period of anticoagulation may be necessary after implantation in some patients.
Unlike the data on incomplete surgical LAA occlusion, incomplete closure with the Watchman device was not associated with embolic events in the only trial performed to date.
Although further studies are needed to assess possible late complications related to these devices and to determine any physiological consequences of LAA closure (about which little is known), percutaneous LAA closure appears to be a safe and effective alternative to oral anticoagulation in high-risk patients, and may also become a valid alternative for low-risk patients. The role of new oral anticoagulants in thromboembolic prevention will also be important in determining which patients would benefit from percutaneous LAA closure.
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